Background 4 4
Phlebotomine sand flies (Diptera, Nematocera) are important vectors of several pathogens, including 4 5
Leishmania parasites, causing serious diseases of humans and dogs. Despite their importance as disease 4 6
vectors, most aspects of sand fly biology remain unknown including the molecular bases of their 4 7
reproduction and sex determination, aspects also relevant for the development of novel vector control 4 8 strategies. 4 9 species and limited knowledge is available in general about sex determination, mainly restricted to mosquito 1 1 4 species [22] [23] [24] [25] [26] [27] [28] [29] (Fig. 1) . 1 1 5
Within Nematocera, phlebotomine sand flies are second only to mosquitoes in importance as a vector of 1 1 6 pathogens that cause diseases to humans and animals worldwide, including leishmaniases, sand fly fever, 1 1 7 meningitis, vesicular stomatitis and Chandipura virus encephalitis [30] . Among the over 800 species of sand 1 1 8 fly described to date, 98 are proven or suspected vectors of human leishmaniases; these include 42 1 1 9
Phlebotomus species in the Old World and 56 Lutzomyia species (sensu) in the New World [31] . 1 2 0
Leishmaniasis are diseases of great public health concern, being endemic in over 98 countries, with more 1 2 1 than 350 million people at risk and 2,357,000 disability-adjusted life years lost [32] . It is estimated that about 1 2 2
1.3 million new cases of leishmaniasis (0.2-0.4 million visceral and 0.7-1.2 million cutaneous leishmaniasis) 1 2 3
occur every year, with 20,000-40,000 deaths caused by the visceral form. With expanding endemicity, 1 2 4 leishmaniasis is becoming a worldwide re-emerging public health problem [33] . 1 2 5
Despite their importance as disease vectors, most aspects of sand fly biology remain unknown, including sex 1 2 6
determination and sexual differentiation. To fill this gap and contribute to a better understanding of the 1 2 7 evolution of sex determination mechanisms in insects, in the present study we applied a comparative 1 2 8 genomic/transcriptomic approach to identify and characterize sex determining genes in sand fly species. For 1 2 9
the first time we present in a unique study the analysis of the key components of the sex determining 1 3 0 cascade, also identifying, the first transformer homolog in a Nematocera species. Recognition Motif) domain for SXL and TRA-2 proteins [37] . Conversely, the female-specific serine-1 4 5
arginine rich TRA protein exhibits a general low conservation of its primary sequence and the absence of 1 4 6 functional characterized domains. In most of the insect species analyzed to date, the only conserved parts of 1 4 7
the TRA protein are the TRACAM (Ceratitis-Apis-Musca) domain, putatively involved in the autoregulation 1 4 8 specific alternative 5' donor SS at about 230 bp downstream of exon 2 (Additional file 5: Figure S15 ). These 2 7 1 findings led us to suppose that in P. perniciosus, as well as in the other three Phlebotomus species, the male-2 7 2 specific splicing of the tra pre-mRNA represents the default splicing mode. In contrast, in females, the 2 7 3
repression of the male-specific 5' donor SS of intron 2 is most probably due to the binding of TRA and 2 7 4
TRA-2 proteins on the TRA/TRA-2 binding site cluster, leading to the usage of the upstream 5' donor SS to 2 7 5
form to the female-specific tra transcript, thus producing a functional TRA only in females. This hypothesis 2 7 6 on the conserved splicing regulation was confirmed in P. papatasi by RT-PCR on adult RNA from males 2 7 7
and females (Additional file 6: Figure S16 ). 2 7 8 Figure S17 shows a comparison of the tra genomic locus among insect species (Additional file 6: Figure 2 7 9 S17). Despite differences in exon number and intron length, the sex-specific splicing regulation of the tra 2 8 0 gene exhibits a striking conservation. In all the considered species, including P. perniciosus, an alternative 5' 2 8 1 donor SS choice leads to a full TRA protein only in the female sex. To study the protein organization, we 2 8 2 compared PpeTRA with other arthropod TRA proteins ( Fig. 6A Ppetra sex-specifically regulated intron, respectively) encode for a PpeTRA protein portion that exhibits 2 8 8 only 8 out of 25 conserved amino acids respect to the insect TRACAM domain (Fig. 6B ). 2 8 9
In conclusion, the conserved tra structure, the conserved sex-specific alternative splicing regulation and the 2 9 0 presence of a conserved TRA/TRA-2 binding site cluster in the sex-specifically regulated tra intron strongly 2 9 1 support the hypothesis of the autoregulation of the tra gene in sand flies, as observed for other dipteran and 2 9 2 non-dipteran species. At the same time, the absence in sand fly TRAs of a putative TRACAM domain 2 9 3
(supposedly involved in the tra autoregulation) [18] , led us to hypothesize a still unknown molecular 2 9 4 mechanism of the TRA autoregulation specific to sand flies. 2 9 5 2 9 6
Evolution of tra-2 genomic organization in Phlebotominae. tra-2 is a single-copy gene that has been 2 9 7 characterized in D. melanogaster [56, 57] and in several other dipteran species such as D. virilis [58], the 2 9 8
house fly M. domestica [50] , the tephritids C. capitata [49, 59] and twelve Anastrepha species [60], the 2 9 9
calliphorid Lucilia cuprina [19] , and the Nematocera sciarid species Sciara ocellaris and Bradysia 3 0 0 coprophila [61]. In these species, tra-2 is transcribed during development in both sexes, producing an RNA-3 0 1
binding protein with two RS domains flanking an RRM domain. TRA-2 RRM is followed by a 19 aa-long 3 0 2 linker region, which is a distinctive and unique feature of the TRA-2 proteins [62] . Within Brachycera 3 0 3 suborder, TRA-2 is required for the sex-specific splicing regulation of the dsx and fru genes and, outside 3 0 4
Drosophilidae, it is also involved in the autoregulation of female-specific alternative splicing of the tra gene 3 0 5
[ 18, 49, 50, 60, 63] . 3 0 6
Using the available genomic resources of P. papatasi, the assembled draft genomes of P. bergeroti and P. 3 0 7
duboscqi and the identified putative TRA-2 proteins of P. perniciosus, we reconstructed the partial putative 3 0 8
exon-intron structure of tra-2 of the Old World sand flies consisting of 4 exons and 3 introns (Additional file 3 0 9
7: Figures S18-20 ). In addition, we identified in P. papatasi, P. bergeroti and P. duboscqi a putative 3 1 0 alternative 5' donor splicing site located downstream of the 5' donor splicing site of the exon 1 of tra-2, 3 1 1 which is conserved in P. perniciosus where it leads to the production of the PpeTRA-2B isoform. As these 3 1 2 species belong to different subgenera (Phlebotomus and Larroussius) this suggests that a similar non-sex-3 1 3 specific alternative splicing event could be conserved also in other Old World sand flies (Additional file 7: 3 1 4
Figures S18-20). More in general, among dipteran, tra-2 shows an overall conservation of exons encoding 3 1 5
for functional domains and both RRM and RS1 domains are coded by several exons. In Nematocera Old 3 1 6
World sand flies, the RS1 domain is encoded by a unique exon, while the RRM domain and the linker region 3 1 7
are organized in two exons (Additional file 8: Fig. S21 ). 3 1 8
As observed for the tra ortholog, tra-2 seems to be absent in transcriptome and genome assembly of the New 3 1 9
World sand fly L. longipalpis. However, we found well conserved TRA-2 encoding transcripts missing the 3 2 0 N-terminus coding region in the L. umbratilis and L. neivai. This finding suggests that the tra-2 ortholog 3 2 1 could be present also in Lutzomyia but not correctly assembled in the L. longipalpis released 3 2 2 transcriptome/genome assemblies. In figure S22 the multiple alignment of sand fly putative TRA-2 protein is 3 2 3
reported. A very well conserved RRM+linker region and RS1 region are present in all the species analyzed. 3 2 4
A RS2 region was detected only in P. perniciosus, L. umbratilis and L. neivai. The high percentage of 3 2 5
conserved residues of the RS2 region (22/51) suggests its conservation also in other Phlebotomus species 3 2 6 (Additional file 8: Fig. S22 ). 3 2 7 0
In summary, with our work we identified for the first time the tra-2 gene in sand flies. Previously, the tra-2 3 2 8 ortholog of Nematocera was characterized only in the sciarid species S. ocellaris and B. coprophila and in 3 2 9
the mosquito An. gambiae and Ae. aegypti, where two and four orthologs were found, respectively. In S. 3 3 0 ocellaris and B. coprophila TRA-2 is highly conserved and shows conserved sex-determination function 3 3 1
when expressed in Drosophila [61] . Conversely, putative TRA-2 identified in mosquitoes seem to be 3 3 2 divergent respect to other dipteran TRA-2 and possibly not involved in the control of sex-specific splicing of 3 3 3
dsx and fru targets [23, 64] . Recent functional tests by transgene-mediated RNAi against Ae. aegypti tra-2 3 3 4
orthologs have shown no female-to-male sex reversion, as obtained in tra-2 RNAi functional studies in 3 3 5
Brachycera species, but a novel female-specific zygotic lethality. This finding supports the hypothesis that 3 3 6
tra-2 does not play a conserved role in Ae. aegypti sex determination while it controls a novel female-3 3 7
specific vital functions which need to be clarified [65] . Here we show that, as for tra-2 of sciarid species, in 3 3 8
sand flies tra-2 encodes for a protein conserved in its structure and domains, suggesting a conserved role in 3 3 9
the sex determination through sex-specific alternative splicing regulation of both dsx and fru downstream 3 4 0 target genes. In addition, we propose that tra-2 could be involved in the autoregulation of the tra gene also in 3 4 1
Old World sand flies. The absence of a tra ortholog in New World sand flies poses a very interesting 3 4 2
problem about the function of tra-2 in these species and about the evolution of the alternative splicing 3 4 3 regulation of dsx and fru genes. To study the evolution of the genomic organization and of the alternative splicing regulation of dsx and fru 3 4 7
genes in the sand flies, we aligned DSXs and FRUs of P. perniciosus, P. papatasi and L. longipalpis against 3 4 8
the genome sequences of P. papatasi and L. longipalpis using TBLASTN (Additional file 9: Figures S23-3  4  9 S26, Additional file 15: Supplementary Methods). By manually refining the exon-intron junctions, we 3 5 0 obtained the structure of the genes. Compared with the orthologs in D. melanogaster, An. gambiae and Ae. 3 5 1 aegypti, we observed an overall conservation of the exon/intron organization and of the alternative splicing 3 5 2 regulation in sand flies (Additional file 9: Figures S27-S28). 3 5 3
In particular, as observed in other dipteran species [23, 25, 51, 52, 66, 67] , in sand flies dsx is organized in 4 3 5 4
exons spread over a large genomic region (146 Kb in P. papatasi and at least 191 Kb in L. longipalpis). Exon 3 5 5
one, which contains the ATG signal, encodes for the DSX OD1 domain and is followed by the second exon 3 5 6
encoding for the non-sex-specific part of the DSX OD2 domain. Exon three is female-specific and encodes 3 5 7
for the female-specific DSX C-terminus. Exon four is present in transcripts of both sexes as 3'untranslated 3 5 8
region in females and encoding for male-specific DSX C-terminus in males ( Fig. S27) future similar strategies for sand fly control in field. 3 6 5
The fru gene in sand flies is organized in eight exons distributed over a very large genomic region (at least 3 6 6
125 Kb in P. papatasi and 213 Kb in L. longipalpis). Exons one and two (named S1 and S2, respectively) are 3 6 7
common and female-specific respectively, with exon S1 encoding the male-specific N-terminus of FRU and 3 6 8
exon S2 utilized only in females as 5' untranslated region. Exons three and four (named C1 and C2) encode 3 6 9
for the BTB domain, while exons five to seven (named C3, C4 and C5) encode the poorly conserved 3 7 0
Connector region. The terminal exon eight encodes for a zinc-finger domain of type C (Additional file 9: 3 7 1 Figure S28 ). Using the P. perniciosus fru ZnF-A and the D. melanogaster protein sequence of ZnF-B as 3 7 2
queries, TBLASTN analysis of the genomic scaffold 549 of P. papatasi PpapI1 assembly, containing the fru 3 7 3 exon eight, revealed the presence of putative exons encoding very well conserved ZnF domains. This finding 3 7 4
suggests that also in sand flies the fru gene could encodes for multiple FRU isoforms by alternative splicing 3 7 5
at the 3'end of the primary transcripts (data not shown). 3 7 6 Figure 7A shows a schematic representation of the sex-specifically regulated regions of both dsx and fru 3 7 7
genes in D. melanogaster, An. gambiae, Ae. aegypti, P. papatasi and L. longipalpis. As for most of the 3 7 8
Brachycera species, in Drosophila dsx and fru sex-specific alternative splicing is achieved through two 3 7 9 different mechanisms. For dsx, a 3' alternative acceptor splicing site choice coupled with alternative 3 8 0 polyadenylation leads to sex-specific transcripts with different 3' ends encoding for sex-specific DSX C-3 8 1 termini (Fig. 7A) [69]. For fru, a 5' alternative donor splicing site choice leads to sex-specific transcripts 3 8 2 with different 5' ends. In males, a male-specific FRU, with a unique N-terminus is obtained through the 3 8 3
usage of an ATG signal present in the fru male-specific exon (Fig. 7A) [70]. In females, a stop codon in the 3 8 4
female-specific exon produces a transcript with a very short open reading frame, probably not translated 3 8 5
( Fig. 7A) . For both the genes, the male-specific splicing represents the default mode. In female, the presence 3 8 6
of TRA and the consequent formation of the TRA/TRA-2 complex which binds the TRA/TRA-2 binding 3 8 7 sites in dsx and fru female-specific exons, promotes female specific splicing [69] [70] [71] . 3 8 8
In Nematocera, dsx and fru orthologs have been characterized in very few species including the mosquito An. 3 8 9
gambiae and Ae. aegypti [22] [23] [24] [25] [72] [73] [74] . While sex-specific splicing regulation of the fru orthologs in both 3 9 0 mosquito species is very well conserved respect to Drosophila (Fig. 7A) [22, 24] , for dsx a different 3 9 1 mechanism was described in each species. In An. gambiae, male-specific DSX is obtained by skipping the 3 9 2
female-specific dsx exon; instead the male-specific exon sequence is used in females as 3' untranslated 3 9 3 region due to the absence of an alternative polyadenylation signal [25] . In Ae. aegypti, dsx presents two 3 9 4
female-specific exons, like in Sciaridae [73] , that are escaped in males. In females, inclusion of both or only 3 9 5
the second female-specific exon results in two isoforms. In both Ae. aegypti and An. gambiae, due to the 3 9 6
absence of an alternative polyadenylation signal in the female-specific dsx exons, male-specific exons are 3 9 7
used as 3' untranslated region [75] . 3 9 8
In sand flies, fru has a very well conserved alternative splicing regulation, identical to D. melanogaster and 3 9 9
mosquitoes, based on a 3' alternative acceptor splicing site choice mechanism. The dsx gene alternative 4 0 0
splicing regulation is instead similar to An. gambiae regulation, with an exon-skipping of a female-specific 4 0 1 cassette exon only in males and with the males-specific exonic sequence, present also in female-specific 4 0 2 transcripts, used as untranslated region (Fig. 7A) . 4 0 3
The analysis of dsx and fru female-specific exons in P. perniciosus, P. papatasi and L. longipalpis revealed 4 0 4
the presence of clusters of the cis-acting regulatory element named TRA/TRA-2 binding sites. In particular, 4 0 5
we identified nine elements in P. perniciosus (six located in the PpedsxF and three in the PpefruF 4 0 6 transcripts), six elements in P. papatasi (five located in the PpadsxF and one in the PpafruF transcripts) and 4 0 7 eleven elements in L. longipalpis (five located in the LlodsxF and six in the LloefruF transcripts) (Additional 4 0 8
file 12: Table S2 ). The identified TRA/TRA-2 binding sites are organized in clusters of at least three 4 0 9
elements except for the single element identified in the PpafruF female-specific exon (Additional file 9: 4 1 0 Figure S25A ). 4 1 1
As for P. perniciosus (subgenus Lariossus), in both P. bergeroti and P. duboscqi the fru S1 exon, encoding 4 1 2
for the putative male-specific FRUM N-terminus, is followed by a putative female-specific S2 exon 4 1 3
containing three conserved TRA/TRA-2 binding sites (Additional file 11: Figures S30-S33) . Similarly, the 4 1 4
dsx female-specific exon in P. bergeroti and P. duboscqi shows six clustered TRA/TRA-2 binding sites, as 4 1 5
observed in the other sand fly species (Additional file 11: Figures S32-S33) . The absence of a cluster of 4 1 6
TRA/TRA-2 binding sites in P. papatasi fru could be also due to an incorrect assembly of the corresponding 4 1 7 fru genomic region. 4 1 8
Intra-species alignment of the TRA/TRA-2 binding sites in sand flies revealed high sequence conservation. 4 1 9
In figure 6B , the WebLogo (http://weblogo.berkeley.edu/) consensus sequences for TRA/TRA-2 binding 4 2 0 sites of various dipteran species are reported. Differently from other Nematocera species, such as the 4 2 1
mosquitoes An. gambiae and Ae. aegypti and the sciarid fly S. ocellaris, within each 13-bp long TRA/TRA-2 4 2 2 binding sites of sand flies we observed an invariable "core" of 8 bp (CAATCAAC) and a low variability, as 4 2 3 observed in Drosophila, in the first four bases and in the terminal base of the element. In a previous work we 4 2 4
proposed that in mosquitoes, the degeneration of the putative TRA/TRA-2 binding sites is related with the 4 2 5
absence of the tra ortholog and with the low level of TRA-2 conservation, suggesting that different upstream 4 2 6
regulators are involved in the control of dsx and fru genes in this Nematocera species [22] . Conversely, the 4 2 7
high conservation of the TRA/TRA-2 binding sites in Phlebotomus, which resembles the sequence 4 2 8
conservation level of the TRA/TRA-2 binding sites observed in dsx and fru genes of Brachycera, indicates 4 2 9
that these elements, located in untranslated regions of both genes, are under strong selective pressure. 4 3 0
Overall, our findings suggest that also in sand flies TRA and TRA-2 are involved in the regulation of the 4 3 1 sex-specific alternative splicing of dsx and fru genes, as observed in Brachycera. 4 3 2 4 3 3
Phylogeny and selection at sex determination genes in sand flies. Figure 8 shows the Neighbor-Joining 4 3 4
trees obtained from amino acid alignments of selected domains of the TRA (Fig. 8A) , TRA2 (Fig. 8B) , DSX 4 3 5
( Fig. 8C) and FRU (Fig. 8D) of P. perniciosus and other species (see Methods and Additional file 13: Table  4  3  6  S3 ). For all proteins, phylogenies segregates sequences in general agreement with the species phylogeny. 4 3 7
We investigated natural selection at molecular level as the ratio between the mean nonsynonymous and 4 3 8
synonymous substitution rates (ω) of the examined coding regions. To check if the ω ratios differed 4 3 9 significantly among the tree branches, we compared one-, two-and three-ratio models [76] for each gene. 4 4 0
The one-ratio model assumes an equal ω for all the branches, whereas the two-and three-ratio models 4 4 1 consider two and three different ω values, respectively. In addition, we tested the branch-site model that 4 4 2 assumes positive selection at specific sites within specific the tree branches [77, 78] . The results obtained, 4 4 3 and the statistical significance of each comparison, are shown in supplementary Table S4 ). Overall ω is always lower than 1, showing that purifying selection acts on these genes (Additional 4 4 5
file 14: Table S4 ). 4 4 6
The evolutionary analysis of the TRACAM and DIPTERA tra domains shows that the one-ratio model best 4 4 7
fits the data (ω = 0.0864) and the absence of positive selection. 4 4 8
Within the tra-2 RMM and linker domains, the two-ratio model is better supported than the one-and three-4 4 9
ratio models, with the mosquito branch showing the lowest ω value (0.0407) when compared to the other 4 5 0
branches (ω = 0.0738). The branch-site model identifies two positively selected sites within the branch that 4 5 1 does not include mosquitoes; however, the comparison with its null model is not statistically supported. 4 5 2
Within the dsx OD1 and OD2 domains, the one-ratio model can be excluded in favor of the two-and three-4 5 3 ratio models. The two-ratio model fits the data better than the three-ratio model, showing more relaxed 4 5 4
selective constraints of the Phlebotominae branch (ω = 0.0732) when compared to the other branches of the 4 5 5 tree (ω = 0.0367). The branch-site model that assumes positive selection at specific sites within the 4 5 6
Phlebotominae branch identifies three sites with ω significantly higher than 1 (Additional file 14: Table S4 ); 4 5 7 however, the comparison with the null model that assumes absence of positive selection is not statistically 4 5 8 significant. 4 5 9
Finally, within the fru male-specific domain, the three-ratio model is supported better than the one-and two-4 6 0 ratio models, showing a relaxation of the selective constraints within the Phlebotominae branch (ω = 0.192) 4 6 1 when compared to the mosquito branch (ω = 0.1033) and to the branch including Drosophila, Ceratitis and 4 6 2
Musca (ω = 0.0288). Site and branch-site models do not show evidence of positive selection. 4 6 3
In conclusion, the analysis of the evolutionary pressure acting on the examined sex-determination genes 4 6 4
shows evidence of strong purifying selection. However, different selective constraints act on specific 4 6 5
branches of the dsx and fru and tra-2 genes, whereas the evolutionary rates of the tra genes appear more 4 6 6
uniform. 4 6 7 4 6 8 Conclusions 4 6 9
Our results permit to hypothesize a model for the sex determination cascade of Phlebotominae sand flies as 4 7 0 shown in figure 9 , which represents the first complete and conserved sex determination cascade observed in 4 7 1
Nematocera species. In particular, we identified all the key sex determining genes, that in figure 1 are 4 7 2
represented by question marks and, for the first time in a Nematocera species, we identified the homolog of 4 7 3
the transformer gene. In addition, our data strongly suggest the conservation of the autoregulation of the 4 7 4 sand fly tra gene as observed in Brachycera and in other insect orders. The availability of the sequence of 4 7 5
this tra gene will help to identify its homologs in other Nematocera species, many of them representing 4 7 6
important vectors of human diseases. Our model needs to be confirmed by functional analyses and verified 4 7 7 also in New World sand fly species, where the tra gene seems to be absent. 4 7 8
A further interesting question to be addressed in future is relative to the molecular nature of the primary 4 7 9 signals of sex determination in sand flies, to date completely unknown. To this aim the P. perniciosus 4 8 0 species could be an optimal starting point considering that it is the only Old World sand fly species with Sand flies sex determination genes cloning. The samples of P. perniciosus used in this study were from 4 9 3 laboratory colonies held at the PV laboratory (Charles University, Department of Parasitology, Prague -4 9 4
Czech Republic) and at the LG laboratory (Istituto Superiore di Sanità, Rome -Italy). The samples of P. 4 9 5
papatasi and L. longipalpis used in this study were from laboratory colonies held at the PV laboratory 4 9 6 (Charles University, Department of Parasitology, Prague -Czech Republic). The sand fly colonies were 4 9 7 reared under standard conditions as previously described [89] . Total RNA was extracted from pools of virgin 4 9 8 males and sugar-fed females (7-10 days old) of adult P. perniciosus, P. papatasi and L. longipalpis using the 4 9 9
PureLink® RNA Mini kit (Life Technologies) according to manufacturer's instruction, followed by on-5 0 0
column PureLink® DNase (Ambion) treatment. Total RNA was resuspended in 100 μ l of ddH 2 O and 5 0 1 quantified using the NanoDrop 2000c spectrophotometer. The protein coding sequences of insect sex 5 0 2
determining genes were used as query to perform TBLASTN search against the PERNI data set (Additional 5 0 3
file 1: Table S1 ) [39] . The transcripts corresponding to the putative P. perniciosus orthologues (Additional 5 0 4 file 1: Table S1 ) were utilized to design PCR primer pairs (see Additional file 15: supplementary methods). 5 0 5
First-strand cDNA was synthesized from 200 ng of male and female total RNA using the EuroScript Reverse 5 0 6
Transcriptase kit (Euroclone) with oligo-dT, in a final volume of 20 μ l. To amplify the orthologue of the 5 0 7 fruitless gene, cDNA was synthesized with the gene-specific primers. PCR amplifications were performed on 5 0 8 1 μ l of 1:20 dilution of the cDNA template from adult males and females, in a final volume of 50 μ l, using 5 0 9
the Dreamtaq DNA polymerase (Thermo Fisher Scientific) or the PfuUltra HF DNA polymerase (Agilent 5 1 0
Technologies). Appropriate annealing temperatures were adjusted to individual primer pairs (Additional file 5 1 1 15: Supplementary Methods) . The 3' end of the Ppetra cDNAs were determined with the 3´ RACE System 5 1 2
for Rapid Amplification of cDNA Ends (Invitrogen); the 5' end of the Ppetra cDNA was determined with 5 1 3 the 5'/3' RACE kit 2nd generation (Roche). Reverse transcription was performed as recommended by the 5 1 4
suppliers. The obtained cDNA fragments were cloned using the Strataclone PCR cloning Kit (Agilent 5 1 5
Technologies), and the positive clones were sequenced on an ABI 310 Automated Sequencer (Applied 5 1 6
Biosystems). cDNA sequences were deposited at the GenBank database with the following accession 5 according to manufacturer's instruction, followed by on-column DNase treatment. First-strand cDNA was 5 2 5 synthesized from 0.5 μ g of total RNA using the First Strand cDNA Synthesis Kit for RT-PCR with both 5 2 6
oligo-dT primers and random examers, or with the fruC-nested gene-specific primer. PCR amplifications 5 2 7
were performed on 1 μ l of 1:20 dilution of the cDNA template in a final volume of 50 μ l using the 5 2 8
EmeraldAmp PCR Master Mix (Clontech). Appropriate annealing temperatures and cycle conditions were 5 2 9
adjusted to individual primer pairs (see supplemental methods). 5 3 0 5 3 1
Ppetra genomic organization. To identify the intronic region sequence of the P. perniciosus transformer 5 3 2 gene, genomic DNA was extracted from a single adult female using the NucleoSpin Tissue XS (Macherey-5 3 3
Nagel) according to manufacturer. PCR amplification was conducted on 10 ng of genomic DNA in a final 5 3 4 volume of 50 μ l using the primers Ppetra5utr/Ppetrastop3utr and the following thermal cycle: 95 °C for 3 5 3 5
min, 35 cycles of 94 °C for 30 sec, 56 °C for 30 sec, 72 °C for 2.30 min, final extension of 10 min at 72 °C. 5 3 6
The amplification product was cloned and sequenced as described above. The Ppetra genomic locus 5 3 7
sequence was deposited at the GenBank database with the following accession number: MK286466. 5 3 8 5 3 9 studies of sex determination led to the discovery of novel primary signals including the Y-linked genes Yob 8 4 1
and Guy-1 in the malaria vectors Anopheles gambiae and An. stephensi, respectively, and the putative 8 4 2
splicing factors Nix in the dengue vector Aedes aegypti. These primary signals are supposed to act upstream 8 4 3
of dsx and fru genes in the sex determination cascade. However, their mechanism of action, direct or indirect, protein schemes were aligned using the conserved sex-specific splicing site located within the TRACAM 8 8 1
domain encoding region as reference point (indicated by the red triangle). This sex-specific splicing site is 8 8 2
conserved in all the autoregulating tra genes. In sand flies TRA, the TRACAM domain is absent. Striped 8 8 3
yellow-grey box represents the position of the homologous sex-specific splicing site in P. perniciosus TRA. 8 8 4
D. melanogaster TRA protein was aligned using the position of the non-conserved sex-specific splicing site. 8 8 5
The crustacean Daphnia magna TRA was aligned using the position of the conserved TRACAM domain. 8 8 6
Percentages within red and blue boxes indicates the percentage of R and S residues and of P residues in the 8 8 7
RS and Proline-rich domains, respectively. To define the boundaries of the RS domain, we considered the 8 8 8
position of the first RS or SR couple of residues till the final RS or SR couple of residues and we considered 8 8 9
the selected region an RS domain only if its percentage of R and S is > of 25%. B) Multiple alignment of 8 9 0
insect TRACAM domains and the P. perniciosus TRA homologous region. Amino acids conserved in at 8 9 1
least two species are highlighted in black. The conserved sex-specific splicing site is indicated by red 8 9 2 triangle. 8 9 3 8 9 4 Fig. 7 Evolution of sex-specific alternative splicing regulation of dsx and fru gene. A) Comparative 8 9 5
schematic representation of sex-specifically regulated regions of dsx and fru genes in D. melanogaster, 8 9 6
